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regulation of reflex-stabilizing mechanisms to enable motion. Optimal feedback theory suggests
that such transitions require the disengagement of one motor control policy before the
implementation of another. To test this possibility, we investigated the continuity of the vestibular
control of balance during transitions between quiet standing and locomotion and between two
standing postures. Healthy subjects initiated and terminated locomotion or shifted the distribution
of their weight between their feet, while exposed to electrical vestibular stimuli (EVS). The
relationship between EVS and ground reaction forces was quantified using time-frequency analyses.
Discontinuities corresponding to null coherence periods were observed preceding the onset of
movement initiation and during the step preceding locomotion termination. These results show
humans interrupt the vestibular balance stabilizing mechanisms to transition between motor states,
suggesting a discrete change between motor control policies, as predicted by optimal feedback
theory.
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Introduction
The initiation of movement from a stable posture is a central issue in neuroscience because of the
need to overcome reflex-stabilizing mechanisms to enable motion (von Holst and Mittelstaedt,
1950). Navigating our world involves frequent transitions between posture (e.g. quiet stance) and
movement (e.g. locomotion), representing an ideal model to explore this issue. Indeed, balance correcting responses may hinder locomotor initiation and the transitions that are essential to safely navigate our environment (Ostry and Feldman, 2003).
Optimal feedback control theory (OFC) (Todorov and Jordan, 2002; Scott, 2004), a prominent
motor control theory, proposes that the brain implements the optimal means of performing a task
by adjusting the appropriate feedback gains to reach the goal. Specific postural configurations and
movement patterns are considered separate control policies, one of which must be disengaged (i.e.
by decreasing sensory feedback gains) prior to the engagement of another (i.e. by adjusting and
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eLife digest Crossing Abbey Road is something of a paradox in neuroscientific terms. As you
stand waiting to cross, tiny movements of your body – such as those due to breathing – cause you
to sway by small amounts. To prevent you from falling over, your brain makes active corrections to
your posture. These posture-correcting mechanisms oppose movements such as sway and keep you
standing upright. But what happens when you want to cross the road?
To get you moving, your brain has two options. It could temporarily suppress the posturecorrecting mechanisms. Or it could reconfigure them so that they work in a different way. The
posture-correcting mechanisms rely upon sensory input from various sources. These include the
vestibular system of the inner ear. The vestibular system tells the brain about the position and
movement of the head in space and relative to gravity. Monitoring vestibular system activity as a
person starts to move should thus reveal what is happening to the posture-correcting mechanisms.
Tisserand et al. asked healthy volunteers to transition between standing still and walking, or to
shift their weight from one foot to the other. At the same time, small non-painful electric currents
were applied to the bones behind the volunteers’ ears. These currents induced small changes in
vestibular system activity. Sensors in the floor measured the forces the volunteers generated while
standing or walking, thereby revealing how they adjusted their balance. The results showed that the
brain suppresses its posture-correcting mechanisms before people start or stop moving.
These findings have implications for robotics. They could make it easier to program robots to
show smooth transitions into and out of movement. The findings are also relevant to movement
disorders such as Parkinson’s disease. One common symptom of this disorder is freezing of gait, in
which patients suddenly feel as though their feet are glued to the ground. Understanding how the
brain controls movement transitions may reveal how such symptoms arise.
DOI: https://doi.org/10.7554/eLife.36123.002

increasing sensory feedback gains) (Cluff and Scott, 2016). In this respect, OFC seems to diverge
from other motor control theories, such as referent (threshold) control theory (Asatryan and Feldman, 1965; Ostry and Feldman, 2003). This latter theory suggests that a transition between postures involves a monotonic shift in the referent body orientation (Feldman et al., 2011;
Mullick et al., 2018), transforming posture-stabilizing mechanisms into movement-inducing ones. To
determine whether transition between motor states is comprised of discrete events or is a continuous process, we examined the temporal dynamics of sensory feedback gains prior to and during the
transition between two motor states. Specifically, we examined the contribution of vestibular sensory
signals to the control of balance during transition between quiet standing and locomotion as well as
between two standing postures.
The vestibular system encodes motion of the head in space, and is vital to our ability to maintain
stability during both quiet standing and locomotion (Angelaki and Cullen, 2008; Goldberg et al.,
2012). Vestibular signals influence the activation of muscles engaged in the control of posture. This
influence depends on the muscles’ active engagement in balance control, and the alignment of the
muscles’ mechanical action with both the plane of instability and the direction of the vestibular disturbance (Lund and Broberg, 1983; Britton et al., 1993; Fitzpatrick et al., 1994; Luu et al., 2012;
Mian and Day, 2014; Forbes et al., 2016). Contextually-dependent vestibular responses have been
observed during both quiet standing (Lund and Broberg, 1983; Fitzpatrick et al., 1994;
Marsden et al., 2002; Son et al., 2008; Luu et al., 2012; Mian and Day, 2014; Forbes et al.,
2016) and locomotion, where the magnitude of vestibular-evoked muscle responses are modulated
further during the phase of the gait cycle (Orlovsky, 1972; Matsuyama and Drew, 2000;
Blouin et al., 2011; Dakin et al., 2013; Forbes et al., 2017). The vestibular control of balance during locomotor or posture-to-posture transitions can be monitored by continuously quantifying the
magnitude of vestibular-evoked balance responses over the transition. A similar approach has been
used previously to monitor the time course of engagement and disengagement of the vestibular
control of balance between self- and externally-driven states of balance control (Luu et al., 2012).
Here, the continuity of the vestibular influence on postural control during transitions was assessed
to determine whether a discrete change in balance correcting mechanisms accompanies transitions
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between two motor states. We hypothesized that a discrete suspension in the vestibular control of
balance would occur prior to the transition, due to the disengagement of the current control policy
prior to the implementation of the next control policy, as predicted under OFC theory.

Results
In the first study, ten healthy young males completed two blocks of 105 trials where they were
instructed to stand quietly, then initiate locomotion, walking at their preferred speed for ~3.5 m,
and then to turn around and walk back to their initial position where they were instructed to stand
quietly again (defined as the ‘locomotor transition’ experiment). During each trial, subjects performed two transitions: once at the initiation of locomotion and again at the termination of locomotion. Participants performed one block with the head facing forward and another block with the
head turned 90˚ over the left shoulder (Figure 1). Participants received 30 s of a non-painful electrical vestibular stimulus (EVS) behind the ears (Materials and methods) which lasted the duration of
each trial. Forceplates were imbedded in the floor on which participants stood and walked, in order
to record the ground reaction forces (GRF) generated during the trials. The GRF were used to identify the different phases of movement: quiet standing, transition and walking (Figure 1). The vestibular contribution to balance control was quantified using a time-frequency coherence analysis
(Blouin et al., 2011) between the EVS and GRF signals for each of the three phases of the movement (Materials and methods). Coherence analysis measures the linear relationship between the EVS
and GRF signals and is bounded between 0 and 1. In the second study, six additional subjects
(young adults, three females) completed one block of 105 trials where they were instructed to stand
quietly, then shift their body-weight laterally to redistribute their weight so that 90% was supported
by their preferred leg and only 10% by their non-preferred leg (defined as the ‘posture-to-posture
transition’ experiment). Once participants redistributed their body-weight, they were asked to maintain this uneven weight distribution. In this task, participants received EVS for the duration of each
trial (15 s).

A vestibulo-motor null period preceding the transition from quiet
standing to locomotion
During the quiet standing period preceding the onset of locomotion, subjects swayed, generating
low amplitude shear forces at the feet (root-mean-square of 0.39 ± 0.3 N) and relatively small accelerations of the head (averaged horizontal linear acceleration <0.01 ± 0.3 m/s2) (Figure 2). All subjects (n = 10) also exhibited significant EVS-GRF coherence across the 0–10 Hz bandwidth in both
head orientations (Figure 2). On average, coherence peaked with a magnitude of 0.29 ± 0.11 and
0.41 ± 0.07 at frequencies of 2.1 ± 0.6 and 2.4 ± 0.9 Hz, for the head forward and the head left conditions respectively (Figure 3).
At the end of the quiet standing period, that is immediately preceding the onset of the transition
period, the forces applied to the body, the linear acceleration of the head and the angular velocity
of the head all remained in the range observed during the quiet standing period (Figure 2) indicating the initiation of locomotion had yet to begin. However, during this period, the EVS-GRF coherence decreased in all subjects (n = 10). Coherence fell below the 99% confidence limit for both head
orientations: 0.435 ± 0.191 s prior to the onset of the transition, for a duration of 0.860 ± 0.260 s
with the head facing forward (Figure 4) and 0.259 ± 0.143 s before the onset of the transition when
the head was turned to the left. However, unlike the head forward condition, coherence did not
return once subjects began to walk with the head turned to the left (Figure 2 and 4).
During the transition period, EVS-GRF coherence returned in the head forward condition (Figures 2 and 4). It peaked on average with a magnitude of 0.18 ± 0.05 at 6.6 ± 2.0 Hz across subjects
(n = 10, Figure 3). Periods of significant EVS-GRF coherence continued during locomotion (i.e. the
two first steps) for the head forward condition, but only during the double-support phases (shaded
grey areas, Figure 2). The maximum coherence measured during the first step of locomotion (Figure 1) in the head forward condition was 0.15 ± 0.06 at 3.9 ± 1.9 Hz (n = 10, Figure 3).
In general, EVS-GRF coherence in the head forward condition was greater during quiet standing
than during both the transition and the first step (Figure 3). Peak coherence during quiet standing
was significantly greater than during the transition (difference of (D)=0.17 ± 0.10, t(9) = 3.32,
p=0.009) and the first step (D = 0.14 ± 0.11, t(9) = 3.12, p=0.012) (Table 1). Peak coherence during
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Figure 1. Experimental set-up and the signals recorded during the experiment used to detect the movement phases. The left panel is a subject in the
initial posture before locomotion initiation in the head left condition. The subject is standing on the forceplates and equipped with the electrodes on
his mastoid processes, inertial measurement units (IMU, on the head and the waist) and vibrator, the laser mounted on the orange headband. Fx and Fy
correspond to the shear forces measured in the anteroposterior and mediolateral directions, respectively. The middle panel illustrates single trial data
from one representative subject during locomotion initiation in the head forward condition. From top to bottom: input signal to the vibrator, electrical
vestibular stimulation (EVS) signal, mediolateral centre of pressure trajectory, vertical reaction forces (FZ ), shear force in the direction of the vestibularinduced perturbation (FY ), linear acceleration of the head in the direction of the vestibular-induced perturbation, and roll angular velocity. The vertical
red line is the onset of the transition period. The right panel shows the vertical force signals at initiation (top) and termination (bottom) used to define
movement phases for statistical analysis: quiet standing (between first/last instant and vertical red line), transition (between vertical red line and vertical
grey line), and first/last step (between vertical grey line and vertical dashed grey line). Abbreviations used: TO = toe-off; HS = heel-strike.
DOI: https://doi.org/10.7554/eLife.36123.003

quiet standing also occurred at a lower frequency than during the transition (D = 4.4 ± 1.9 Hz, t(9) =
7.50, p<0.001) and the first step (D = 4.8 ± 1.9 Hz, t(9) = 2.98, p=0.015) (Figure 3). No statistical
difference was observed between the transition and the first step (p=0.073).

A vestibulo-motor null period preceding the transition from locomotion
to quiet standing
During the locomotion period preceding locomotor termination (i.e. the last two steps), all subjects
(n = 10) exhibited significant EVS-GRF coherence when the head was facing forward but not when
the head was turned to the left (Figure 5). EVS-GRF coherence showed a peak magnitude of
0.14 ± 0.03 at 4.6 ± 2.7 Hz during locomotion for the head forward condition (Figure 3). As we
observed significant coherence for every double-support phase following the transition at locomotion initiation in the head forward condition (shaded grey areas, Figure 2), we expected similar significant coherence levels in the double-support phase prior to the transition associated with the
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Figure 2. Averaged behavioral and time-frequency coherence results for one representative subject (n = 1, top) and across all subjects (n = 10, bottom)
during locomotion initiation. Time t was normalized based on the duration (D) measured between transition onset and the third toe-off. In both lower
and upper panels, the left panel is the head forward condition and the right panel is the head left condition. As in Figure 1, the vertical red line shows
the transition onset and the vertical grey line shows the transition end. Individual results (top) represent the average ± one standard deviation (n = 100
Figure 2 continued on next page
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Figure 2 continued
trials) of (from top to bottom): mediolateral centre of pressure, vertical forces (FZ ), shear force in the direction of the vestibular-induced perturbation (FY
= mediolateral; FX = anteroposterior), root mean square (RMS) of that same shear force, horizontal acceleration in the direction of the vestibularinduced perturbation, angular roll velocity of the head, and time-frequency coherence. The pooled results (bottom), represent the average ± one
standard deviation (n = 1000 trials) of (from top to bottom): vertical forces (FZ ), shear force in the direction of the vestibular-induced perturbation and
time-frequency coherence. Solid lines represent the average value while the dashed line is one standard deviation. The grey-shaded areas represent
the double support periods during locomotion, in the head forward condition only. In the time-frequency coherence graphs, all non-significant
coherence values have been set to zero based on a 99% confidence limit (single subject = 0.045, pooled data = 0.005). For illustrative purposes, vertical
forces of the swing and stance foot (red and green curves, respectively) have been plotted relative to the first step. Note that the scale of coherence
level for all subjects is half the scale presented in coherence graphs for the individual subject.
DOI: https://doi.org/10.7554/eLife.36123.004

termination of locomotion. Coherence, however, was non-significant for the last double support
phase prior to the transition in most subjects (n = 8), even though participants performed a complete final step, which displayed similar kinetics and kinematics to the previous steps (shaded grey
areas, Figure 5).
During the transition period from locomotion to quiet standing (i.e. between the grey and red
lines), EVS-GRF coherence increased past the 99% confidence limit (>0.045 for individual subjects)
and remained significant into, and for the duration of, quiet standing (Figure 5). During the transition, on average, coherence peaked at a magnitude of 0.41 ± 0.08 and 0.24 ± 0.08 at frequencies of
3.3 ± 0.8 and 2.4 ± 0.4 Hz for the head forward and the head left conditions (Figure 3), respectively.
Subjects exhibited larger EVS-GRFs coherence during quiet standing at the end of each trial and
during the transition than during the last step (refer to Figure 1 for the total duration representing
the final step), regardless of head orientation. On average, with the head facing forward, peak
coherence during the last step was significantly smaller than during the transition (D = 0.27 ± 0.09,
t(9) = 9.22, p<0.001) and during quiet standing (D = 0.29 ± 0.1, t(9) = 9.02, p<0.001). Similar
results were observed when the head was turned to the left (last step versus transition:
D = 0.15 ± 0.09, t(9) = 4.65, p=0.001; last step versus quiet standing: D = 0.33 ± 0.08, t(9) =
12.64, p<0.001). Peak coherence was not different between quiet standing and transition periods
in the head forward condition (p=0.857), but was significantly higher during quiet standing when
compared to the transition period with the head turned to the left (D = 0.18 ± 0.09, t(9) = 6.21,
p<0.001) (Table 1 and Figure 3).
Finally, the kinematics and kinetics of the quiet standing period at the end of each trial were similar to those observed during the quiet standing period at the start of each trial (i.e. small amplitude
oscillations at low frequency). Similarly, significant EVS-GRF coherence persisted for the duration of
the quiet standing period at the end of trials, with coherence peaking at a magnitude of 0.43 ± 0.09
at 3.1 ± 0.9 Hz with the head forward and 0.42 ± 0.07 at 2.0 ± 0.5 Hz with the head left (Figure 3).

A vestibulo-motor null period also preceding the transition between
two standing postures
During the quiet standing period preceding the shift in postures, subjects swayed with low amplitude horizontal linear acceleration (<0.02 ± 0.2 m/s2), generating small GRF (root-mean-square of
0.44 ± 0.4 N). All subjects (n = 6) exhibited significant EVS-GRF coherence that peaked with a magnitude of 0.45 ± 0.21 at 3.6 ± 1.2 Hz (Figure 6).
Before the onset of the posture-to-posture transition (vertical red line, Figure 6), coherence
decreased in all subjects (n = 6), while the linear acceleration of the head and the angular velocity of
the head both remained in the range observed during the quiet standing period. On average, coherence fell below the 99% confidence limit 0.336 ± 0.230 s before the onset of the transition and
remained below significant level for 0.810 ± 0.351 s. Coherence returned during the transition, and
remained significant into, and for the duration of, the new standing posture period.
On average, coherence peaked at a magnitude of 0.53 ± 0.07 at 4.7 ± 1.9 Hz during the transition
period (i.e. between the red and grey vertical lines, Figure 6), and at a magnitude of 0.51 ± 0.08 at
4.8 ± 2.3 Hz in the shifted posture period (i.e. after the vertical grey line). Statistical analysis revealed
that peak coherence measured during each of the three movement phases (quiet standing posture,
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Figure 3. Magnitude and frequency of peak coherence measured at locomotion initiation (top) and termination (bottom) over three time periods: quiet
standing (red dots), transition (blue dots) and first or last step (green dots). The big dots represent average values across all subjects (n = 10) and each
small dot represents individual subject (n = 1). The results presented on the left panel are for the head forward condition; those in right panel, for the
head left condition. Error bars represent one standard deviation of peak coherence magnitude (vertical) and frequency (horizontal). Multivariate analysis
of variance (MANOVA) revealed a significant effect of the movement period in each of the four conditions (all p<0.001). Multivariate analysis comparing
results from two periods showed the quiet standing period was significantly different from the two other periods (transition and first/last step, p<0.001),
except for the head left condition when subjects terminated locomotion (p=0.857). Results of a univariate t-test comparing coherence peak and
frequency of that peak across the different movement periods are provided in Table 1. The high variability in the frequency at which maximal
coherence was observed in the head left condition during the transition, the first step at initiation, and the last step at termination is due to the very low
level of coherence measured during these periods.
DOI: https://doi.org/10.7554/eLife.36123.005

transition, standing posture with new weight distribution) were not different from each other (F(2,5) =
0.76, p=0.56).

Discussion
The main finding of this study is that the vestibular influence on balance control is interrupted prior
to the onset of the transition period: ~0.26–0.44 s before transitioning from quiet standing to locomotion or to a new standing posture, and during the last step from locomotion to standing posture.
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Table 1. Summary of statistical tests used to compare coherence peak magnitude and its corresponding frequency for the two head
positions during locomotion initiation (three time periods: quiet standing, transition and first step, top rows) and locomotion
termination (three time periods: last step, transition and quiet standing, bottom rows).
Abbreviations used: HF = Head Forward; HL = Head Left; QS = Quiet Standing period; TR = transition period; FS = First Step period;
LS = Last Step period; Peak = coherence peak magnitude; Freq = Frequency.
MANOVA and post hoc tests results
INITIATION

QS versus TR

Period effect

Multi variate

F

p-value

QS versus FS
Univariate

Multi variate

Peak

Freq

TR versus FS
Univariate

Multi variate

Peak

Freq

Univariate
Peak

Freq

HF

14.15

<0.001

<0.001

0.009

<0.001

<0.001

0.012

0.015

0.073

-

-

HL

103.76

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.011

0.947

-

-

TERMINATION

LS versus TR

Period effect

Multi variate

F

p-value

LS versus QS
Univariate

Multi variate

Peak

Freq

TR versus QS
Univariate

Multi variate

Peak

Freq

Univariate
Peak

Freq

HF

21.20

<0.001

<0.001

<0.001

0.228

<0.001

<0.001

0.215

0.857

-

-

HL

30.23

<0.001

<0.001

0.001

0.007

<0.001

<0.001

0.007

<0.001

<0.001

0.148

DOI: https://doi.org/10.7554/eLife.36123.007

This suspension of the contribution of vestibular feedback to the control of balance provides critical
evidence that balance correcting responses are down-regulated to allow the transition between
motor states and is suggestive of the disengagement of one control policy prior to the implementation of another, supporting predictions by OFC theory (Cluff and Scott, 2016).

Balance correcting responses are down regulated to enable a transition
In order to transition between two motor states, balance correcting responses are disrupted. Indeed,
prior to the transitions tested, the vestibular influence on whole-body balance responses is suspended. The suspension of vestibular-evoked responses at movement initiation starts while subjects
are still maintaining quiet upright stance, well before the transition onset (vertical red line, Figures 2,
4 and 6). At locomotion termination, the suspension begins during the final step and ends after the
transition onset (vertical grey line, Figure 1 and 5). Thus, changes in vestibulo-motor control occur
before overt markers of the biomechanical transition. In addition, inhibition of ankle plantar flexor
muscular activity during locomotion initiation occurs 150 ms before the first change in vertical GRF
(Herman et al., 1973), suggesting that balance correcting responses are down regulated 100 to 300
ms before the step-related modulation in muscle activity. These results partly confirm and extend
previous work that reported a decrease in vestibular influence at locomotion initiation but increased
vestibular influence at locomotor termination (Bent et al., 2002). The apparent contradiction
between these two studies is likely due to the near continuous approach we used, which improves
upon the resolution with which vestibulo-motor responses can be observed compared to the discrete stimuli used by Bent et al. (2002).
The period of null coherence preceding the transition was robust and observed in all individual
subjects (n = 16), and it provides insight into the neural control of stabilizing mechanisms that enable
motion from a stable posture. From an OFC perspective, distinct neural processes govern the control of posture and movement (Scott, 2004; Kurtzer et al., 2005; Cluff and Scott, 2016). To transition from quiet standing to movement, or another relatively stable posture, the current motor policy
associated with quiet standing must be disengaged to permit the implementation of a new control
policy (Cluff and Scott, 2016). In the locomotor transition task, the control policy regulating standing balance is disengaged to allow implementation of the locomotor control policy, and reversely
when terminating locomotion. For the posture-to-posture transition, the motor control policy associated with standing balance is disengaged to permit the shift to a new posture. These periods of null
coherence preceding transition thus illustrate when the brain disengages the current control policy.
Furthermore, this vestibular disengagement solves the classic problem formulated by von Holst and
Mittelstaedt regarding the opposing action from stabilizing reflexes when initiating motion
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Figure 4. Time-frequency coherence and temporal evolution of the coherence averaged in the 0–10 Hz frequency bandwidth for a representative
subject (n = 1, panel A, top) and averaged across all subjects (n = 10, panel B, bottom) at locomotion initiation in the non-normalized data segment. As
in Figure 1, the vertical red and grey lines show the onset and the end of the transition period, respectively. Data are only presented from the 1.5 s
preceding the transition onset to the 1.5 s following it (because data are less synchronized the further they are from the transition onset). In the timeFigure 4 continued on next page
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Figure 4 continued
frequency coherence graphs, all non-significant coherence values have been set to zero based on a 99% confidence limit (single subject = 0.045;
pooled data = 0.005). In both A) and B), the left panel is the head forward condition and the right panel is the head left condition. Note that the scale
of coherence level for all subjects is half the scale presented in coherence graphs for the individual subject. TO = toe-off.
DOI: https://doi.org/10.7554/eLife.36123.006

(von Holst and Mittelstaedt, 1950). From a biomechanical point of view, the disengagement of vestibular influence on the whole-body postural responses may also be necessary for the transition process, and thus incorporated into motor planning. The disruption in vestibular contribution to balance
during transitions appears to contradict a key prediction from referent control theory: a monotonic
shift in referent body orientation during shifts in postures while standing upright (Mullick et al.,
2018). Our data show the intermittent use of vestibular feedback during transition between standing
postures but it is unclear if a shift in referent body configuration is associated with such a transition.
The period of suspension of vestibular-evoked responses appears related to the different relative
sensory feedback gains needed to control whole-body movements by the quiet standing and locomotor control policies. During quiet standing, whole-body accelerations (and related GRF) and oscillations within the limits of the base of support are small. An adaptive feedback controller
(Fitzpatrick et al., 1996; van der Kooij and de Vlugt, 2007) to which vestibular feedback contributes, can generate the appropriate muscular torques required to maintain upright stance. When initiating movement, whole-body accelerations larger than those observed during quiet stance are
needed to move the whole-body center of mass towards the base of support limits or outside the
base of support. If the gain of the vestibular channel in the adaptive controller remained unchanged
during the transition, the vestibular-evoked whole-body responses would increase due simply to the
larger whole-body accelerations, potentially challenging the limits of postural stability or countering
the intended motion of the body. Consequently, an adaptive controller would need to adjust the
gain of the vestibular channel to maintain upright stability during this transition period. Based on our
results, it appears that the transition in gains between the initial and the final policies is preceded by
a suppression of vestibular gain. Vestibular gain is increased once again following the transition, but
in a context-dependent manner. For example, in the event of a transition from quiet standing to
locomotion, vestibular gain is increased during locomotion to control lateral stability, primarily (Figure 2). Similarly, it appears that the locomotor control policy is interrupted preceding locomotion
termination (i.e. during the last step) to allow the implementation of the quiet standing control policy. Lastly, an alternative interpretation is that the brain abruptly switches policies and starts predicting the whole-body’s future state whilst the body briefly remains in the previous state. Thus, for a
short period of time, there is a discrepancy between the predicted and the actual sensory feedback
that might result in a reduction in the size of the vestibular-evoked responses (Luu et al., 2012).
Significant coherence between EVS and the GRF were limited primarily to the 0–10 Hz bandwidth
despite using EVS up to 20 Hz. These observations are in line with previous studies that characterized vestibular-evoked responses when humans are standing and walking (Dakin et al., 2007,
2010). As vestibular signals cascade from the nervous system to muscle activation and from muscle
activation to whole-body accelerations, the vestibular signals are low-pass filtered (Dakin et al.,
2010). Presumably, the inertia of the limb segments and whole-body impose mechanical constraints
that limit the frequencies at which their motion can remain in phase with, and thus correlate with,
the EVS. These low frequency responses observed in the GRF to the vestibular stimuli are thought to
reflect neural processing underlying an organised balance correcting response to a craniocentric vestibular error signal (Reynolds, 2010; Mian and Day, 2014).
Although the exact anatomical regions associated with the suppression of vestibular-evoked
responses are unclear, putative regions that may contribute to control policy changes have been
proposed. Primary motor cortex neurons responding to externally applied mechanical loads were
found active only during the maintenance of postural orientation while others only during movement
(Kurtzer et al., 2005; Herter et al., 2009). For certain cortical neurons, Kurtzer et al. (2005)
observed an abrupt switch in the pattern of neural processing ~0.3 s before the transition from a stationary posture to a reaching movement. Our results appear to mirror this behavior and extend the
framework to a balance-locomotor context. In the brainstem, selective attenuation of ‘vestibular
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Figure 5. Forces and time-frequency coherence averaged across all subjects (n = 10) at locomotion termination. Panel A presents average results (n =
1000 trials) in the normalized time segment based on the duration (D) measured between the third-to-last foot-strike and end of the transition phase;
from top to bottom: vertical reaction forces (FZ ), shear force in the direction of the vestibular-induced perturbation (FY = mediolateral; FX =
anteroposterior) and time-frequency coherence. Panel B presents averaged time-frequency coherence (top, n = 1000) and temporal evolution of the
Figure 5 continued on next page
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Figure 5 continued
coherence averaged in the 0–10 Hz frequency bandwidth (bottom) in the non-normalized time segment; as in Figure 4, data are only presented from
the 1.5 s preceding the end of the transition phase to the 1.5 s following it. In the time-frequency coherence graphs, all non-significant coherence
values have been set to zero based on a 99% confidence limit equal to 0.005. In both (A) and (B), the left panel is the head forward condition and the
right panel is the head left condition. In both panels, the vertical grey line shows the onset of the transition period and the vertical red line shows the
end of the transition period, solid lines represent the average value and dashed line shows one standard deviation. The grey shaded areas are the
double support periods during locomotion, in the head forward condition only. For illustrative purposes, the vertical forces for the swing and stance
foot (red and green curves, respectively) have been plotted relative to the last step. HS = heel-strike.
DOI: https://doi.org/10.7554/eLife.36123.008

only’ neurons might change the response of vestibular nuclei neurons during self-generated locomotor movement (Roy and Cullen, 2001). However, these neuronal responses are largely related to the
predictable nature of the feedback and would therefore be ineffective at selectively suppressing an
unpredictable EVS-induced perturbation signal. Although this mechanism may contribute to the
attenuation of EVS-GRF responses, recent findings (Brooks and Cullen, 2014) indicate that it is likely
insufficient to suppress the vestibular-evoked responses observed in this study.

Active control of locomotion using vestibular feedback in the
mediolateral direction
Whole-body balance responses evoked by EVS are craniocentric and thus the direction of the error
can be manipulated by actively maintaining the head in different orientations
(Materials and methods, Lund and Broberg, 1983; Dalton et al., 2014). In the frontal plane, our
upright posture is normally unstable during locomotion because the whole-body centre of mass is
always medial to the propulsive foot (Winter, 1995). Stability in the sagittal plane, on the other
hand, is enhanced by the forward momentum of the body (Sparrow and Tirosh, 2005) and the long
base of support during double-support phases. This difference in stability between the frontal and
the sagittal planes may explain the small (or absent) vestibular-evoked responses observed during
locomotion when the head is turned to the left (i.e. vestibular error directed in the anteroposterior
direction). The reduced coherence between EVS and anteroposterior GRF further support the
hypothesis that the anteroposterior control of whole-body balance during locomotion requires less
feedback-driven control than in the frontal plane, and may instead be largely passively controlled.
Thus, our results agree with the assumption that sagittal plane stability is passively controlled
(Bauby and Kuo, 2000).
We further showed that vestibular-evoked whole-body responses in the frontal plane are phasically modulated during locomotion, exhibiting larger coherence during the double-support phase
(excluding the last step at termination, Figures 2 and 5). Vestibulo-muscular coherence also exhibits
phasic behavior for single muscles during locomotion with the head facing forward (Blouin et al.,
2011; Dakin et al., 2013; Forbes et al., 2017), however it was not clear from summing coherence
over several muscles whether the whole-body response is also phasically modulated (Dakin et al.,
2013). From a biomechanical point of view, the double-support phase is important for stability: the
base of support is larger in the mediolateral direction compared to single-support phase, the swing
foot lands and body weight is transferred from one foot to another (Winter, 1995). Not surprisingly,
EVS applied during either locomotor transition or walking leads to increased upper body roll and
modified lateral foot placement (Bent et al., 2002). This could result in an inefficient mediolateral
transfer of body weight and to steps placed more laterally than usual, raising energy consumption
(Kuo, 2002).

Conclusion
The disruption in the vestibular control of balance observed prior to biomechanical transition indicates that the brain first down regulates balance-correcting mechanisms to enable the transition.
This disruption in the vestibular control of balance reduces counteracting effects of vestibular balance correcting responses that could prohibit movement initiation, thus supporting a prediction
from current OFC models. Importantly, the suppression of vestibular balance stabilizing mechanisms
is not specific to one type of transition, suggesting it represents a general control process that
occurs during transitions between standing balance and other motor states. Thus, our results
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Figure 6. Behavioral signals and EVS-GRF time-frequency coherence during the posture-to-posture transition. Data are presented in the nonnormalized time segment, that is from 3.5 s preceding the transition onset to 3.5 s following it. In both panels, from top to bottom: vertical reaction
forces (FZ ), shear force in the direction of the vestibular-induced perturbation (FY ), lateral acceleration of the head, roll velocity of the head, timefrequency coherence and temporal evolution of the coherence averaged in the 0–10 Hz frequency bandwidth. The left panel presents the results from
one representative subject (S15, n = 100 trials) and the right panel presents the results averaged across all six subjects (n = 600 trials). In both panels,
the vertical red line shows the onset of the transition period and the vertical grey line shows the end of the transition period, solid lines represent the
average value and dashed lines show one standard deviation. In the time-frequency-coherence graphs, all non-significant coherence values have been
set to zero based on a 99% confidence limit (single subject = 0.045; pooled data = 0.008). Note that the scale of coherence level for all subjects is half
the scale presented in coherence graphs for the individual subject.
DOI: https://doi.org/10.7554/eLife.36123.009
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demonstrate that humans ‘stop balancing’ before they start moving and ‘stop moving’ before they
start balancing again.

Materials and methods
Population
Sixteen healthy young subjects without any history of neurological nor muscular disorders participated in our experimental protocol approved by the University of British Columbia Clinical Research
Ethics Committee and conforms to the Declaration of Helsinki. The experimental protocols were
explained to each subject and written consent was obtained. Among our participants, ten males
[age 27.6 ± 4.6 years old, height 1.81 ± 0.04 m, weight 80.5 ± 9.6 kg (mean ± SD)] performed the
experiment involving locomotion initiation and termination (locomotor transition) and three males
and three females [age 27.5 ± 2.1 years old, height 1.74 ± 0.07 m, weight 69.9 ± 6.3 kg] performed
the experiment involving a change in body-weight distribution (posture-to-posture transition).

Stimulus
During trials, subjects were exposed to electrical vestibular stimulation (EVS) (Dakin et al., 2007,
2013; Blouin et al., 2011) applied to the mastoid processes behind each ear. EVS non-specifically
modulates the firing rate of the nearby vestibular nerves (Goldberg et al., 1984; Kim and Curthoys,
2004) and, when delivered in a binaural bipolar electrode configuration, evokes a perception of
rotation (Fitzpatrick et al., 2002; Peters et al., 2015) about an axis directed posteriorly and superiorly 18˚ relative to the Reid’s plane (Fitzpatrick and Day, 2004). When the head is facing forward,
the binaural bipolar electrical stimulus induces a postural response to compensate for the vestibularinduced roll error signal of the body in the frontal plane (Lund and Broberg, 1983; Britton et al.,
1993; Day et al., 1997; Mian and Day, 2014; Forbes et al., 2016, 2017).
Subjects were exposed to a bandwidth-limited noisy EVS (0–20 Hz, zero-mean low-pass filtered
white noise, 20 Hz cut-off frequency, zero lag, 4-order Butterworth, peak amplitude of 4 mA, root
mean square ~2 mA) lasting 30 s (locomotor transition) or 15 s (posture-to-posture transition), and
created using LabVIEW software (2011 version; National Instruments, Austin, TX, USA) (Dakin et al.,
2007, 2013). EVS was delivered to subjects using an isolated constant current stimulation unit
(STMISOLA, Biopac Systems, Goleta, CA, USA) connected to carbon rubber electrodes (~9 cm2)
coated with conductive gel (Spectra 360, Parker Laboratories, Fairfield, NJ, USA) and secured over
their mastoid processes with adhesive tape and an elastic headband. During the experiment, the
stimulation unit remained in a torso-pack worn by the subject. The stimulus bandwidth (0–20 Hz) was
chosen to characterize the entire frequency response of vestibular-induced modulation in lower limb
muscle and whole-body force production (Dakin et al., 2007, 2010, 2011; Mian et al., 2010; Reynolds, 2010). The stimulus amplitude varied between ±4 mA, and was chosen to evoke measurable
force responses during both standing and walking and ensure subject comfort, based on previous
experience (Dakin et al., 2007, 2013; Blouin et al., 2011; Forbes et al., 2017). Across all subjects
(n = 16), six were new to EVS.

Experimental design
First, subjects stood with each foot over distinct forceplates (FP1 and FP5, Figure 1), their arms at
their side and eyes open. Subjects self-selected both the position and orientation of their feet, to
ensure their comfort, but were encouraged to choose a foot width close to their pelvis width,
because support width influences the magnitude of EVS-evoked responses (Day et al., 1997). Once
chosen, the position and orientation of the feet were marked on the ground, to ensure a reproducible starting position across trials.
Subjects wore a head-mounted laser pointer and were instructed to maintain the projected position of this laser at a specific point on the wall, which was 4 m in front of them at the start of the trial.
We determined the target for the laser by positioning participant’s head nose up from the floor,
with their Frankfurt plane (the auriculo-orbital plane) approximately 18˚ up from horizontal, to maximize the EVS-evoked balance responses (see Fitzpatrick and Day, 2004, for a review). Participants
were required to maintain this head orientation for the duration of the trial. The experimenter visually monitored the inclination angle of the head during the trial.
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To control the modulating effect of head orientation on the vestibular-induced instability during
locomotor transition, participants completed trials in one of two head orientations. During this
experiment, subjects repeated blocks of 105 trials with the head facing forward or turned 90˚ over
the left shoulder (Figure 1). During the posture-to-posture experiment, subjects performed only one
block of 105 trials with the head facing forward. When the head is facing forward, EVS induces a
postural response along the mediolateral whole-body axis. When the head is turned 90˚ to the left,
postural responses are directed along the anteroposterior whole-body axis (Lund and Broberg,
1983; Fitzpatrick et al., 1994; Forbes et al., 2016). Subjects participating in the locomotor transition experiment performed blocks of trials on separate days and we randomly assigned the order of
the two blocks for each subject. During each block, the first five trials were used to collect the subject’s kinetic and kinematic data in absence of EVS. These trials served as a control to determine if
EVS modified the movement pattern. We provided EVS for the remaining 100 trials. Statistical analysis of the movement patterns between trials with and without EVS were performed using two-sided
t-tests for each head position condition. In the locomotor transition experiment, the analysis did not
reveal any major behavioral difference between these two conditions, except at locomotion termination, for a significantly decreased transition period (D = 0.094 ± 0.070 s, t(54) = 4.93, p<0.001 and
D = 0.330 ± 0.123 s, t(51) = 7.49, p<0.001) and an increased walking velocity (D = 0.044 ± 0.013
m/s, t(50) = 15.79, p<0.001 and D = 0.113 ± 0.070 m/s, t(51) = 73.82, p<0.001), respectively in the
head forward and head left conditions. In the posture-to-posture experiment, we did not find any
significant behavioral differences between the trials with and without EVS.

Locomotor transition experiment
The beginning of each trial was indicated by a short (250 ms) vibration pulse (20 Hz) applied at waist
level by a vibrator (FG-142, Labworks Inc., Costa Mesa, CA, USA) secured on a waist band. During
trials with EVS, EVS started simultaneously with the vibration pulse (Figure 1). We instructed subjects
to ‘stand as naturally as possible and maintain a quiet standing posture’ at the start of the trial.
About five seconds after the trial onset (vibration pulse), the experimenter verbally informed subjects
that they could ‘initiate locomotion whenever they wanted’. After this go cue, subjects could initiate
locomotion with their preferred foot at their own discretion. Subjects walked straight and at their
preferred speed, across the length of four forceplates, and continued until they were 1 m past the
last forceplates (FP4 and FP8, Figure 1). At this point (~3.5 m from their starting point), subjects
were instructed to stop, turn around to face the opposite direction, and, at the same speed, return
toward their starting position. We chose the walking distance to allow subjects sufficient space to
reach their preferred locomotion speed, which occurs on average after the second step (Jian et al.,
1993). Subjects terminated their locomotion once they had reached the same start position with
their feet (i.e. one foot on FP1 and one on FP5, Figure 1). We instructed subjects to stand upright,
as naturally as possible, after terminating locomotion, until they received a second vibration pulse
(250 ms, 20 Hz) indicating the end of the trial. During trials with EVS, EVS stopped simultaneously
with the second vibration pulse. Trials lasted 30 s and therefore the two vibration pulses occurred 30
s apart. In total, each trial consisted of at least five seconds of quiet standing data before the initiation of locomotion, locomotion for 3.5 m forward and back, and at least five seconds of quiet standing data following the termination of locomotion. During this experiment, a trial was considered
invalid if the subjects (i) did not use the same foot to initiate locomotion, (ii) did not use the same
foot to terminate locomotion, (iii) terminated locomotion with part of the feet outside of the forceplates or (iv) changed their head position before the end of the trial while being on the forceplates. In
total, only 50 out of 2100 trials performed were considered invalid (2.3%). To account for this possibility and ensure each subject completed the 100 trials necessary for the analysis, we asked subjects
to complete ten additional walking with EVS trials (110 trials with EVS total).

Posture-to-posture experiment
The experimental protocol was similar to the locomotor transition experiment. Briefly, we instructed
subjects to maintain equal weight distribution beneath their feet and then shift their weight laterally,
in order to move 90% of their whole-body weight towards their preferred leg, without changing their
feet position. A vibration pulse (20 Hz, 250 ms) applied to the subjects’ waist indicated trial initiation.
At least five seconds following this vibration pulse, subjects were verbally informed that they could
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‘shift their weight whenever they wanted’. Following this verbal start cue, subjects shifted their
weight to their preferred leg with a 90–10% weight distribution, and then they were asked to maintain this position until a second vibration pulse (20 Hz, 250 ms) indicated the end of the trial and corresponded to the end of the EVS stimulus. The two vibrations pulses occurred 15 s apart and
therefore each trial lasted 15 s. Weight distribution underneath the feet was monitored by an experimenter at all times. During this experiment, a trial was considered invalid if the subjects (i) did not
shift their weight to their preferred leg, (ii) stabilized themselves with a load on the preferred leg
more or less than the preferred range of 85–95% of body weight, or (iii) changed their head position
before the end of the trial. In total, only 6 out of 600 trials performed were considered invalid (1%).
We asked subjects to complete five additional trials with EVS (105 trials total) to account for this possibility and ensure each subject completed the 100 trials necessary for the analysis.

Instrumentation
To quantify the effect of the vestibular stimulus on subjects’ behaviour, we recorded the ground
reaction forces (GRF) applied to their body as well as linear acceleration and angular velocity of their
head over the duration of each trial. The GRF were collected from eight forceplates (squares of
60  60 cm, AMTI, Watertown, MA, USA) recessed into the ground of the experimental room, covering an area of 2.88 m2. GRF were digitized using a sampling rate of 1000 Hz (PXI-8108, National
Instruments, Austin, TX, USA) and saved offline, with the vestibular stimulus and the vibration pulse
signals.
We measured the linear acceleration and angular velocity of the head and waist using two inertial
measurement units (Shimmer2R w450/mAH Battery, 5.1  3.4  1.4 cm, Shimmer Sensing, Dublin,
Ireland) positioned on the forehead and the sacrum. The inertial measurement units were secured to
the head and waist using Velcro belts. During trials, data from the inertial measurement units were
sampled at 256 Hz and streamed to a personal computer for storage and future analysis. Because
we used two separate computers to save the forceplate and inertial measurement units’ data, the
two were synchronized in post-processing using the onset of the first vibration pulse.

Data reduction and signal analysis
After identifying the biomechanical markers of the transitions phases, we analyzed the vestibular
responses during the transition between standing balance and locomotion and between the two
standing postures to determine if vestibular feedback is disrupted as predicted by the OFC theory.
All non-statistical analyses were performed using custom-designed routines on Matlab software
(2015a version, Mathworks, Natick, MA, USA).

Identification of the movement phases
Locomotor transition
We identified toe-offs and heel-strikes in each trial by using the vertical component of the GRF (Figure 1). Toe-offs were defined as the first vertical force data point in which the swing foot was less
than five percent of the subject’s body weight, and heel-strikes were defined as the first vertical
force data point after a toe-off where the swing foot was greater than five percent of the subject’s
body weight. Following identification of the toe-offs and heel-strikes, the data were cut from first
vibration pulse to the third heel-strike (segment of data for initiation trials) and from the third-to-last
toe-off to second vibration pulse (segment of data for termination trials). In the cut data, the absolute value of the horizontal velocity of the centre of pressure was computed from the first time derivative of its trajectory, after being filtered with a zero-phase, second-order Butterworth digital filter
at a 20 Hz cut-off frequency. Using this variable, the onset of the transition phase at locomotion initiation and the end of the transition phase at locomotion termination were identified as the first and
last instants when the horizontal velocity of the centre of pressure was greater than three standard
deviations from baseline. Baseline was defined as the first five seconds of the quiet standing period
at the onset of each trial, and the last five seconds of the quiet standing period at the end of each
trial. The end of the transition phase between quiet standing and locomotion at locomotion initiation
was identified as the first toe-off (Figure 1). The onset of the transition phase between locomotion
and quiet standing at locomotion termination was identified as the last heel-strike. The transition
from quiet standing to locomotion (between the red and grey lines, Figure 1) was characterized by
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a loading (increase in vertical force resulting in movement of the centre of pressure toward the swing
leg and increase in shear force moving the CoM toward the stance leg) and then unloading of the
swing leg (decrease of vertical force moving the centre of pressure away from the swing leg and
reversed increase in the shear force to slow the center-of-mass’s fall toward the stance leg).

Posture-to-posture transition
We used the first instant when the horizontal velocity of the centre of pressure was greater than
three standard deviations from baseline to determine the onset of the transition period between the
two standing postures. Baseline was defined as the first five seconds of the quiet standing period at
the onset of each trial. This transition is similar to locomotion initiation, as a loading-unloading mechanism is used to shift balance between postures.
For all trials, the onset and end of the transition period was identified automatically by a Matlab
routine and visually verified by an experimenter. In the event of a misidentification, values were manually corrected (~15% of the time).

Vestibular responses
The relationship between EVS and the GRF for each experiment was estimated using time-frequency
coherence based on continuous Morlet wavelet decomposition (Zhan et al., 2006; Blouin et al.,
2011). This method has been previously used to estimate the changes in vestibular-evoked
responses measured by EMG (Blouin et al., 2011; Luu et al., 2012; Dakin et al., 2013;
Forbes et al., 2014, 2017) and was chosen here to avoid potential issues associated with gain estimates due to the larger GRF during locomotion (and transitions) than during quiet standing. We
evaluated the coherence between the vestibular stimulus and the horizontal GRF because they
reflect the net muscle activity of the body and are related to the horizontal accelerations of the
whole-body centre of mass. Coherence [Cðt; f Þ] used to estimate vestibulo-GRF coupling was computed using the following equation:
2

Cðt; f Þ ¼

Pxy ðt; f Þ
Pxx ðt; f Þ Pyy ðt; f Þ

(1)

In Equation (1): t is the movement time; f denotes the frequency; Pxy ðt; f Þ is the time-dependent
cross-spectrum between the EVS and the shear force of interest; and Pxx ðt; f Þ and Pyy ðt; f Þ are the
time-dependent auto-spectra of the EVS and the shear force of interest, which depends on head orientation. When the head faces forward, the perturbation resulting from the vestibular stimulus is
directed mediolaterally, therefore the mediolateral shear forces (FY ) were used for the analysis of
the head forward condition. When the head is turned to the side, the perturbation resulting from
the vestibular stimulus is in the anteroposterior direction, therefore the anteroposterior shear forces
(FX ) were used for the head left condition.

Locomotor transition
In trials with EVS, we extracted 100 data segments per subject for locomotion initiation and termination for both head orientations (400 segments in total) from the cut data described previously (see
previous paragraph). Each segment was saved in two separate time-scale formats: movement-time
normalized and non-normalized. In the movement-time normalized format, we stretched or compressed the length of the movement time (t) to account for variability in the timings of toe-off, heelstrike and step duration, within each trial, between trials, and between subjects. To normalize t in
each segment at locomotion initiation, we identified the time from the onset of the transition to the
third toe-off (duration D illustrated in Figure 2). Then, we extracted that data, with additional data
from the quiet standing period prior to the transition of twice the length of the transition onset to
third toe-off period. Similarly, to normalize t for each segment at locomotion termination, we
extracted data from the third-to-last toe-off to the end of the transition (duration D illustrated in
Figure 5A) with data of twice that length from the quiet standing period immediately following the
end of the transition period. We decomposed the data on a trial-by-trial basis using a wavelet transformation, with a frequency resolution of 1 Hz and limited to the 0-20 Hz bandwidth, and with a lag
time of 200 ms to maximize the correlation associated with the vestibular correcting responses (often
referred to as the medium latency response [Dalton et al., 2014; Mian and Day, 2014]). To confirm
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this choice, we explored the EVS-GRFs coherence using lag times in the 200-500 ms range (covering
the duration of the vestibular balance correcting response) and observed minimal effect of these
lags on the coherence results. We then interpolated or down-sampled the auto-spectra and crossspectrum of these segments to a common length, their average length across all trials (repetitions,
conditions and subjects) (Blouin et al., 2011). For each head orientation and locomotor transition
combination, we calculated the coherence spectrum between EVS and the GRF in each subject (100
segments) as well as on data pooled across all subjects (1000 segments). In order to characterize the
changes in the vestibular-evoked balance responses over an interpretable time scale (s), we also performed the analysis without stretching or compressing t (i.e. the non-normalized time-scale format).
We cut the data from both initiation and termination of locomotion to place the onset of the transition period at initiation and the end of the transition period at termination in the middle of a threesecond data window. We then estimated the EVS-GRF coherence spectrum on this un-normalized
data using the same procedure described previously. This analysis was performed both on the data
for each subject (100 segments) as well as on the data pooled across all subjects (1000 segments)
for each head orientation and locomotor transition combination. To cancel the shift in coherence
timing induced by the 200 ms lag used in the time-frequency analyses, results and figures are presented with a 200 ms time-shift in the non-normalized time-scale analyses and an equivalent 200 ms
time-shift in the normalized time-scale analyses.

Posture-to-posture transition
We extracted 100 data segments per subject, which we analyzed using only the non-normalized
time format. For these analyses, the onset of the transition was placed in the middle of a 7 s window.
Similar to the locomotor transition analyses, data were decomposed on a trial-by-trial basis using a
wavelet transformation. Coherence between EVS and the GRF was then calculated for each subject
(100 segments) as well as on data pooled across all subjects (600 segments).

Statistical analysis
Significant whole-body responses to the EVS were identified on a subject-by-subject basis when
coherence exceeded a 99% confidence limit determined by the number of trials completed
(n = 100). This confidence limit corresponds to a coherence magnitude threshold of 0.045, and better represents an a-level of 0.05 because of the two-dimensional (time and frequency) nature of the
measures (Blouin et al., 2011). For illustrative purposes, we also computed the coherence for all
subjects using the same procedure (n = 1000 for the locomotor transition or n = 600 for the postureto-posture transition). Coherence crossed the 99% confidence limit in these pooled data at a magnitude of 0.005 (locomotor transition) or 0.008 (posture-to-posture transition). Under OFC theory, we
expected a discontinuity in time-frequency coherence prior to the different transitions which should
be reflective of the disengagement of either the balance, or (loco)motor control policies. To test this
hypothesis, using the non-normalized time-scale format, we determined whether the magnitude of
time-frequency coherence was significant or not (i.e. above or below the 99% confidence interval,
respectively) over the transition period. To identify state-dependent changes in vestibular control of
balance over the locomotor transition period, the magnitude of the peak time-dependent coherence
and its corresponding frequency were extracted from the movement-time normalized data in each
subject and for the three phases of the balance-locomotor transitions: quiet standing (from first
vibration pulse to transition onset for initiation and from end of transition to last vibration pulse for
termination), transition (from transition onset to first foot-off for initiation and from last foot-strike to
transition end for termination) and the first/last step (from first foot-off to second foot-off for initiation and from second last foot-strike to last foot-strike for termination) (Figure 1). The same procedure was repeated for the posture-to-posture transition (but for the non-normalized time format) for
the three following steps: quiet standing (from first vibration pulse to transition onset, i.e. vertical
red line), transition (from transition onset to transition end, i.e. between the two vertical lines) and
the new posture (from transition end, i.e. the vertical grey line, to the end of the trial) (Figure 6).
Peak magnitude and/or frequency were used to determine whether coherence changed between
the three phases, relative to the direction of vestibular-evoked responses. To test for significant differences across the three phases of each transition tested, we used repeated-measures multivariate
analysis of variance (MANOVA). To decompose the main effect, we used a multivariate post hoc
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analysis consisting of paired Hotelling’s t-square tests (Bonferroni corrected). For each multivariate
post hoc test providing a significant result, we tested whether the significant result was caused by
differences in magnitude peak coherence, peak coherence frequency, or both by performing a Bonferroni corrected paired t-test. In the locomotor transition, this whole procedure was repeated independently for each head orientation within each transition (initiation and termination). Coherence
confidence limits were computed using Matlab software (2015a version, Mathworks, Natick, MA,
USA). All other statistical tests were performed using R Studio software (version 3.3.1) with an a level
of p<0.05 serving as the threshold for significance.
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jsblouin@mail.ubc.ca

References
Angelaki DE, Cullen KE. 2008. Vestibular system: the many facets of a multimodal sense. Annual Review of
Neuroscience 31:125–150. DOI: https://doi.org/10.1146/annurev.neuro.31.060407.125555, PMID: 18338968
Asatryan D, Feldman AG. 1965. Functional tunning of the nervous system with control of movement or
maintenance of a steady posture: I. Mechanographic analysis of the work of the joint or execution of a postural
task. Biophysics 10:925–934.
Bauby CE, Kuo AD. 2000. Active control of lateral balance in human walking. Journal of Biomechanics 33:1433–
1440. DOI: https://doi.org/10.1016/S0021-9290(00)00101-9, PMID: 10940402
Bent LR, Inglis JT, McFadyen BJ. 2002. Vestibular contributions across the execution of a voluntary forward step.
Experimental Brain Research 143:100–105. DOI: https://doi.org/10.1007/s00221-001-0967-7, PMID: 11907695
Blouin JS, Dakin CJ, van den Doel K, Chua R, McFadyen BJ, Inglis JT. 2011. Extracting phase-dependent human
vestibular reflexes during locomotion using both time and frequency correlation approaches. Journal of
Applied Physiology 111:1484–1490. DOI: https://doi.org/10.1152/japplphysiol.00621.2011, PMID: 21868684
Britton TC, Day BL, Brown P, Rothwell JC, Thompson PD, Marsden CD. 1993. Postural electromyographic
responses in the arm and leg following galvanic vestibular stimulation in man. Experimental Brain Research 94:
143–151. DOI: https://doi.org/10.1007/BF00230477, PMID: 8335069
Brooks JX, Cullen KE. 2014. Early vestibular processing does not discriminate active from passive self-motion if
there is a discrepancy between predicted and actual proprioceptive feedback. Journal of Neurophysiology
111:2465–2478. DOI: https://doi.org/10.1152/jn.00600.2013, PMID: 24671531
Cluff T, Scott SH. 2016. Online corrections are faster because movement initiation must disengage postural
control. Motor Control 20:162–170. DOI: https://doi.org/10.1123/mc.2015-0027, PMID: 25920075
Dakin CJ, Inglis JT, Blouin JS. 2011. Short and medium latency muscle responses evoked by electrical vestibular
stimulation are a composite of all stimulus frequencies. Experimental Brain Research 209:345–354. DOI: https://
doi.org/10.1007/s00221-011-2549-7, PMID: 21274521
Dakin CJ, Inglis JT, Chua R, Blouin JS. 2013. Muscle-specific modulation of vestibular reflexes with increased
locomotor velocity and cadence. Journal of Neurophysiology 110:86–94. DOI: https://doi.org/10.1152/jn.
00843.2012, PMID: 23576695
Dakin CJ, Luu BL, van den Doel K, Inglis JT, Blouin JS. 2010. Frequency-specific modulation of vestibular-evoked
sway responses in humans. Journal of Neurophysiology 103:1048–1056. DOI: https://doi.org/10.1152/jn.00881.
2009, PMID: 20032237
Dakin CJ, Son GM, Inglis JT, Blouin JS. 2007. Frequency response of human vestibular reflexes characterized by
stochastic stimuli. The Journal of Physiology 583:1117–1127. DOI: https://doi.org/10.1113/jphysiol.2007.
133264, PMID: 17640935
Dalton BH, Blouin JS, Allen MD, Rice CL, Inglis JT. 2014. The altered vestibular-evoked myogenic and wholebody postural responses in old men during standing. Experimental Gerontology 60:120–128. DOI: https://doi.
org/10.1016/j.exger.2014.09.020, PMID: 25456846

Tisserand et al. eLife 2018;7:e36123. DOI: https://doi.org/10.7554/eLife.36123

20 of 22

Research article

Human Biology and Medicine Neuroscience
Day BL, Séverac Cauquil A, Bartolomei L, Pastor MA, Lyon IN. 1997. Human body-segment tilts induced by
galvanic stimulation: a vestibularly driven balance protection mechanism. The Journal of Physiology 500:661–
672. DOI: https://doi.org/10.1113/jphysiol.1997.sp022051, PMID: 9161984
Feldman AG, Krasovsky T, Baniña MC, Lamontagne A, Levin MF. 2011. Changes in the referent body location
and configuration may underlie human gait, as confirmed by findings of multi-muscle activity minimizations and
phase resetting. Experimental Brain Research 210:91–115. DOI: https://doi.org/10.1007/s00221-011-2608-0,
PMID: 21387096
Fitzpatrick R, Burke D, Gandevia SC. 1994. Task-dependent reflex responses and movement illusions evoked by
galvanic vestibular stimulation in standing humans. The Journal of Physiology 478:363–372. DOI: https://doi.
org/10.1113/jphysiol.1994.sp020257, PMID: 7965852
Fitzpatrick R, Burke D, Gandevia SC. 1996. Loop gain of reflexes controlling human standing measured with the
use of postural and vestibular disturbances. Journal of Neurophysiology 76:3994–4008. DOI: https://doi.org/
10.1152/jn.1996.76.6.3994, PMID: 8985895
Fitzpatrick RC, Day BL. 2004. Probing the human vestibular system with galvanic stimulation. Journal of Applied
Physiology 96:2301–2316. DOI: https://doi.org/10.1152/japplphysiol.00008.2004, PMID: 15133017
Fitzpatrick RC, Marsden J, Lord SR, Day BL. 2002. Galvanic vestibular stimulation evokes sensations of body
rotation. NeuroReport 13:2379–2383. DOI: https://doi.org/10.1097/00001756-200212200-00001, PMID: 124
99833
Forbes PA, Luu BL, Van der Loos HF, Croft EA, Inglis JT, Blouin JS. 2016. Transformation of vestibular signals for
the control of standing in humans. The Journal of Neuroscience 36:11510–11520. DOI: https://doi.org/10.
1523/JNEUROSCI.1902-16.2016, PMID: 27911755
Forbes PA, Siegmund GP, Schouten AC, Blouin JS. 2014. Task, muscle and frequency dependent vestibular
control of posture. Frontiers in Integrative Neuroscience 8:1–12. DOI: https://doi.org/10.3389/fnint.2014.
00094, PMID: 25620919
Forbes PA, Vlutters M, Dakin CJ, van der Kooij H, Blouin JS, Schouten AC. 2017. Rapid limb-specific modulation
of vestibular contributions to ankle muscle activity during locomotion. The Journal of Physiology 595:2175–
2195. DOI: https://doi.org/10.1113/JP272614, PMID: 28008621
Goldberg JM, Smith CE, Fernández C. 1984. Relation between discharge regularity and responses to externally
applied galvanic currents in vestibular nerve afferents of the squirrel monkey. Journal of Neurophysiology 51:
1236–1256. DOI: https://doi.org/10.1152/jn.1984.51.6.1236, PMID: 6737029
Goldberg JM, Wilson VJ, Cullen KE, Angelaki DE, Broussard DM, Buttner-Ennever JA, Fukushima K, Minor LB.
2012. The Vestibular System: A Sixth Sense. Oxford: Oxford University Press . DOI: https://doi.org/10.1093/
acprof:oso/9780195167085.001.0001
Herman R, Cook T, Cozzens B, Freedman W. 1973. Control of postural reactions in man: the initiation of gait. In:
Stein R. B, Pearson K. B, Redford J. B (Eds). Control of Posture and Locomotion. New York: Plenum Press. p.
363–388 . DOI: https://doi.org/10.1007/978-1-4613-4547-3_28
Herter TM, Korbel T, Scott SH. 2009. Comparison of neural responses in primary motor cortex to transient and
continuous loads during posture. Journal of Neurophysiology 101:150–163. DOI: https://doi.org/10.1152/jn.
90230.2008, PMID: 19005005
Jian Y, Winter DA, Ishac MG, Gilchrist L. 1993. Trajectory of the body COG and COP during initiation and
termination of gait. Gait & Posture 1:9–22. DOI: https://doi.org/10.1016/0966-6362(93)90038-3
Kim J, Curthoys IS. 2004. Responses of primary vestibular neurons to galvanic vestibular stimulation (GVS) in the
anaesthetised guinea pig. Brain Research Bulletin 64:265–271. DOI: https://doi.org/10.1016/j.brainresbull.2004.
07.008, PMID: 15464864
Kuo AD. 2002. Energetics of actively powered locomotion using the simplest walking model. Journal of
Biomechanical Engineering 124:113. DOI: https://doi.org/10.1115/1.1427703, PMID: 11871597
Kurtzer I, Herter TM, Scott SH. 2005. Random change in cortical load representation suggests distinct control of
posture and movement. Nature Neuroscience 8:498–504. DOI: https://doi.org/10.1038/nn1420, PMID: 1576
8037
Lund S, Broberg C. 1983. Effects of different head positions on postural sway in man induced by a reproducible
vestibular error signal. Acta Physiologica Scandinavica 117:307–309. DOI: https://doi.org/10.1111/j.1748-1716.
1983.tb07212.x, PMID: 6603098
Luu BL, Inglis JT, Huryn TP, Van der Loos HF, Croft EA, Blouin JS. 2012. Human standing is modified by an
unconscious integration of congruent sensory and motor signals. The Journal of Physiology 590:5783–5794.
DOI: https://doi.org/10.1113/jphysiol.2012.230334, PMID: 22946096
Marsden JF, Castellote J, Day BL. 2002. Bipedal distribution of human vestibular-evoked postural responses
during asymmetrical standing. The Journal of Physiology 542:323–331. DOI: https://doi.org/10.1113/jphysiol.
2002.019513, PMID: 12096073
Matsuyama K, Drew T. 2000. Vestibulospinal and reticulospinal neuronal activity during locomotion in the intact
cat. I. Walking on a level surface. Journal of Neurophysiology 84:2237–2256. DOI: https://doi.org/10.1152/jn.
2000.84.5.2237, PMID: 11067969
Mian OS, Dakin CJ, Blouin JS, Fitzpatrick RC, Day BL. 2010. Lack of otolith involvement in balance responses
evoked by mastoid electrical stimulation. The Journal of Physiology 588:4441–4451. DOI: https://doi.org/10.
1113/jphysiol.2010.195222, PMID: 20855437
Mian OS, Day BL. 2014. Violation of the craniocentricity principle for vestibularly evoked balance responses
under conditions of anisotropic stability. Journal of Neuroscience 34:7696–7703. DOI: https://doi.org/10.1523/
JNEUROSCI.0733-14.2014, PMID: 24872573

Tisserand et al. eLife 2018;7:e36123. DOI: https://doi.org/10.7554/eLife.36123

21 of 22

Research article

Human Biology and Medicine Neuroscience
Mullick AA, Turpin NA, Hsu SC, Subramanian SK, Feldman AG, Levin MF. 2018. Referent control of the
orientation of posture and movement in the gravitational field. Experimental Brain Research 236:381–398.
DOI: https://doi.org/10.1007/s00221-017-5133-y, PMID: 29164285
Orlovsky GN. 1972. Activity of rubrospinal neurons during locomotion. Brain Research 46:99–112. DOI: https://
doi.org/10.1016/0006-8993(72)90008-X, PMID: 4635376
Ostry DJ, Feldman AG. 2003. A critical evaluation of the force control hypothesis in motor control. Experimental
Brain Research 153:275–288. DOI: https://doi.org/10.1007/s00221-003-1624-0, PMID: 14610628
Peters RM, Rasman BG, Inglis JT, Blouin JS. 2015. Gain and phase of perceived virtual rotation evoked by
electrical vestibular stimuli. Journal of Neurophysiology 114:264–273. DOI: https://doi.org/10.1152/jn.00114.
2015, PMID: 25925318
Reynolds RF. 2010. The effect of voluntary sway control on the early and late components of the vestibularevoked postural response. Experimental Brain Research 201:133–139. DOI: https://doi.org/10.1007/s00221009-2017-9, PMID: 19779703
Roy JE, Cullen KE. 2001. Selective processing of vestibular reafference during self-generated head motion. The
Journal of Neuroscience 21:2131–2142. DOI: https://doi.org/10.1523/JNEUROSCI.21-06-02131.2001,
PMID: 11245697
Scott SH. 2004. Optimal feedback control and the neural basis of volitional motor control. Nature Reviews
Neuroscience 5:532–545. DOI: https://doi.org/10.1038/nrn1427, PMID: 15208695
Son GM, Blouin JS, Inglis JT. 2008. Short-duration galvanic vestibular stimulation evokes prolonged balance
responses. Journal of Applied Physiology 105:1210–1217. DOI: https://doi.org/10.1152/japplphysiol.01398.
2006, PMID: 18669937
Sparrow WA, Tirosh O. 2005. Gait termination: a review of experimental methods and the effects of ageing and
gait pathologies. Gait & Posture 22:362–371. DOI: https://doi.org/10.1016/j.gaitpost.2004.11.005,
PMID: 16274920
Todorov E, Jordan MI. 2002. Optimal feedback control as a theory of motor coordination. Nature Neuroscience
5:1226–1235. DOI: https://doi.org/10.1038/nn963, PMID: 12404008
van der Kooij H, de Vlugt E. 2007. Postural responses evoked by platform pertubations are dominated by
continuous feedback. Journal of Neurophysiology 98:730–743. DOI: https://doi.org/10.1152/jn.00457.2006,
PMID: 17460106
von Holst E, Mittelstaedt H. 1950. The principle of reafference: Interactions between the central nervous system
and the peripheral organs. In: Dodwell P. C (Ed). Perceptual Processing: Stimulus Equivalence and Pattern
Recognition. New York: Appleton-Century-Crofts. p. 41–72.
Winter DA. 1995. Human balance and posture control during standing and walking. Gait & Posture 3:193–214.
DOI: https://doi.org/10.1016/0966-6362(96)82849-9
Zhan Y, Halliday D, Jiang P, Liu X, Feng J. 2006. Detecting the time-dependent coherence between nonstationary electrophysiological signals. Journal of Neuroscience Methods 156:322–332 . DOI: https://doi.org/
10.1016/j.jneumeth.2006.02.013

Tisserand et al. eLife 2018;7:e36123. DOI: https://doi.org/10.7554/eLife.36123

22 of 22

